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Abstract: 8 
Mechanical properties of carbon fibre reinforced polymer (CFRP) are greatly affected 9 
by an interphase between fibre and matrix. Coating fibre with nanofillers has been suggested 10 
to improve the interphase properties. In this paper, a multiscale modelling framework was 11 
developed to investigate how graphene nanoplatelets (GnPs) influence the mechanical 12 
properties of CFRP laminate by reinforcing the interphase. At the nanoscale, the Mori-13 
Tanaka homogenisation method was used to determine effective properties of the GnPs 14 
reinforced interphase. GnPs reinforced interphase properties at different GnPs orientations, 15 
and volume fractions were examined. At the microscale, a 3-D representative volume element 16 
(RVE) model based on obtained interphase properties was used to predict the elastic 17 
constants of CFRP unidirectional lamina. This RVE model consisted of three phases: carbon 18 
fibre, epoxy resin and the GnPs reinforced interphase. The incorporation of GnPs in the 19 
interphase increased both longitudinal and transverse lamina moduli. Finally, simulations of 20 
the three-point bending test were performed on the macroscale CFRP laminate. The 21 
macroscale modelling based on predicted lamina properties was found to reproduce 22 
experimentally measured flexural modulus well. It was found that the GnPs coating on fibre 23 
has a positive influence on the mechanical properties of CFRP, and the enhancement varied 24 
with orientation and local volume fraction of GnPs. In the presence of GnPs coating, 0° and 25 
90° flexural moduli of CFRP laminate increased by 6.1% and 28.3% respectively. 26 
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1. Introduction 2 
Carbon fibre reinforced composites have superior mechanical properties and excellent 3 
design flexibility [1]. Their mechanical performance is hugely affected by the interphase 4 
between carbon fibre and matrix [2]. This interphase layer plays an essential role in the 5 
effective load transfer between matrix and fibre and improves overall composite performance 6 
[3]. Recently coating fibres with nanofillers such as graphene or carbon nanotubes (CNTs) 7 
have shown huge potential in enhancing the interphase properties [4-14]. The GnPs coated 8 
CFRP laminate showed 52%, 7%, and 19% of increase compared with non-coated CFRP 9 
laminate, for 90° flexural strength, 0° flexural strength and interlaminar shear strength 10 
respectively [10]. Zhang et al. [16] observed a 12.7% enhancement of interlaminar shear 11 
strength after introducing graphene oxide sheets to the carbon fibre-matrix interphase. 12 
Graphene is a 2-D flake shape material and behaves transversely isotropic. It has been 13 
applied to the fibre surface by dip coating [8–12], electrophoretic deposition [13–15] or 14 
chemical grafting [16]. The resultant interphase exhibits distinctive mechanical properties, 15 
which are affected by orientation, volume fraction and dispersion of graphene within the 16 
interphase [17]. The orientation of the graphene tends to be more random during dip coating 17 
of fibres in graphene-epoxy solution, whereas electrophoretic deposition or chemical grafting 18 
will make graphene more aligned along the fibre surface.  19 
Quantitative characterisation of the interphase region remains challenging. It is 20 
commonly accepted that the interphase properties for the fibre-reinforced composite are 21 
somewhere between fibre and matrix [18]. Interphase modulus can be measured by 22 
nanoindentation, AFM or dynamic mechanical mapping [19,20]. For example, the interphase 23 
storage modulus of 60 GPa was measured using dynamic nanoscale imaging [19]. However, 24 
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these experimental measurement processes are very difficult to conduct due to the surface 1 
roughness, size-scale effects and tip blunting [21]. So far, there are no direct experimental 2 
measurements of the GnPs reinforced interphase properties.  3 
Computational micromechanics is an alternative method to study the interphase 4 
problem, among which Representative Volume Element (RVE) is most widely used [22–31]. 5 
The interphase of traditional CFRP was usually treated as a cohesive layer zone [28] or a 6 
separate phase of defined thickness [24–27,32]. Effectively three phases: fibre, matrix and the 7 
interphase, were proposed in these studies. The interphase can be depicted by either 8 
homogeneous [24–26] or inhomogeneous [23,32] material model. Several studies on fuzzy 9 
fibre reinforced polymer (FFRP) were recently reported [33–38]. In FFRP, CNTs nanofillers 10 
were radially grown on fibres, which in turns dictated the thickness and mechanical 11 
properties of the whole interphase. Effective properties of the CNTs reinforced interphase 12 
were calculated by the mechanics of materials [33], the RVE nanoscale model [34],  13 
composite cylinder method [35] or Mori-Tanaka method [39].  Chatzigeorgiou et al. [35] 14 
investigated the effects of CNTs volume fraction and length on the mechanical properties of 15 
CFRP. A significant improvement in composite moduli (exceeding 200%) was observed in 16 
the transverse direction of the fuzzy fibre.  17 
Simulations work of CFRP reinforced with nanofillers of 2-D sheet structure is rather 18 
limited. Few papers studied the fibre reinforced polymers with graphene either introduced in 19 
the matrix or on the fibre surface [40,41]. Dai and Michnaevsky [42] analysed fatigue 20 
damage of fibre reinforced polymer reinforced with nanoclay particles. Nanoclay was 21 
introduced to modify matrix or the interphase. The highest improvement in fatigue life was 22 
observed when nanoclay was located in the interphase between fibre and matrix. Recently 23 
Sabuncuoglu et al. [3] studied stress concentration within steel fibre composite with nano-24 
reinforced interphase under transverse loading. The primary challenge of the FEA of the 25 
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FRPs reinforced with graphene is the difference in dimensions of nanoscale graphene, 1 
microscale fibre, and macroscale laminate. The behaviour of these materials has to be 2 
simulated at multiple scales, resulting in a more complex analysis. 3 
A multiscale modelling approach was used to quantify the effects of orientations and 4 
volume fractions of GnPs on the mechanical properties of CFRP laminate as described in 5 
Section 2. At the nanoscale, the effective properties of GnPs reinforced interphase were 6 
calculated using the Mori-Tanaka method. At the microscale, the CFRP lamina elastic 7 
constants were obtained from RVE analysis. The influence of the GnPs volume fraction and 8 
orientation on lamina elastic constants was established. Finally, three-point bending was 9 
simulated at the macroscale level.  The results were compared with published experimental 10 
data in Section 3 and discussed in Section 4. 11 
2. Multiscale modelling approach 12 
2.1 Nanoscale modelling 13 
2.1.1 Determination of the interphase properties using the Mori-Tanaka method 14 
Mori-Tanaka method [43,44] was used to estimate properties of nanocomposite 15 
[45,46], and recently also applied to predict properties of the CNTs [36] and the graphene [3] 16 
reinforced interphase in fibre reinforced composites. To simplify the mathematical expression 17 
of the Mori-Tanaka method, Hills’ parameters: k, l, n, m and p were utilised. For each 18 
constituent or the whole mixture, these Hill’s parameters can be interconverted to elastic 19 
properties. GnP is of disc shape and behaves transversely isotropic. It is described by a local 20 
coordinate system with the 1’-2’ plane of isotropy and axis 3’ being through-the-thickness 21 
direction (Figure 1a). GnP’s elastic properties are referred to as equation (1) in terms of 22 






2   24 
 
 








  1 
𝐺1′3′











      (1) 4 
Note that throughout the paper subscripts, r and m represent reinforcement GnPs and epoxy 5 
matrix respectively, and superscript I denotes interphase. Epoxy is isotropic, and its Hill’s 6 
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The interphase properties are affected by the orientation of nanofillers, which in turn 12 
is dependent on the technique of coating GnPs onto the fibre surface. Both random and 13 
aligned orientations are compared (see Figure 1b and 1c). All GnPs assume even distribution 14 
in the reinforced interphase. Once GnPs and matrix Hill’s parameters are known, the 15 
properties of the GnPs reinforced interphase can be then calculated. The derivation of 16 
equations 1-6 can be found elsewhere [44]. 17 
2.1.2 Aligned GnPs in the reinforced interphase. 18 
According to the aligned orientation, GnPs are located parallel to the fibre surface 19 
wrapping around the fibre (Figure 1b). This orientation causes the GnPs reinforced 20 
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interphase to behave in a transversely isotropic manner. Following a similar local coordinate 1 
system to single GnP, the Hill’s parameter of the interphase are calculated as follow:  2 
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where 𝑉𝑟  and 𝑉𝑚  represent volume fraction of GnPs and epoxy matrix respectively. The 8 
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𝐼  are defined as in-plane elastic modulus, out-of-plane elastic 15 
modulus, out-of-plane shear modulus, out-of-plane Poisson’s ratio, in-plane Poisson’s ratio of 16 
the interphase respectively. 17 
2.1.3 Randomly orientated GnPs in the reinforced interphase. 18 
When GnPs are randomly distributed in the coating (see Figure 1c), the GnPs 19 
reinforced interphase behaves in the isotropic way even GnPs are transversely isotropic [44]. 20 
As a result, the interphase properties can be represented entirely by a set of two 21 
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parameters (𝐸𝐼 , 𝑣𝐼 𝑜𝑟 𝜅𝐼, 𝜇𝐼). Following the Mori-Tanaka method, bulk (𝜅𝐼) and shear (𝜇𝐼) 1 
moduli of the GnPs reinforced interphase can be found by equation (5) then converted to 2 
Young’s modulus (𝐸𝐼)  and Poisson’s ratio ( 𝑣𝐼) in equation (6) accordingly. Detailed 3 
expression of intermediated variables (𝛼, 𝛽, 𝛿, 𝜂 ) are provided in reference [44]. 4 















                                                        (6)                    6 
2.1.4 Material parameters for GnPs reinforced interphase  7 
 Due to the difficulties in experimental measurements, there exists a wide range of 8 
variation in the properties of GnPs and graphene sheets in the literature [3,40,42,45,47–51]. 9 
Unlike previous nanoscale models assuming graphene isotropic [42,48], this study takes its 10 
transversely isotropic features into account to more realistically represent the effects of the 11 
GnPs reinforced interphase. In-plane properties of graphene are usually measured by AFM 12 
nanoindentation. Graphene in-plane elastic modulus ranges from 300.0 GPa [52] to 1.0 TPa  13 
[51]. It is more challenging to determine graphene’s out-of-plane properties in through-the-14 
thickness direction, which are not even provided by material suppliers [53]. Molecular 15 
dynamics simulation is an alternative way to establish missing information on those 16 
properties [45]. Properties of GnPs and isotropic resin 828 are summarised in Table 1.   17 
It is nearly impossible to measure the local volume fraction of nanofillers at the 18 
interphase experimentally. A range of local volume fractions of CNTs from 0 to 80% was 19 
used by one parametric numerical study [35]. In the present study, the volume fraction of 20 




Accepted Manuscript: Composites Part B: Engineering, 177 (2019) 107097 
8 
 
2.2 Microscale modelling 1 
2.2.1 RVE method 2 
RVE method was used to investigate the effects of the GnPs reinforced interphase on 3 
the lamina’s properties. Fibres were assumed to be uniformly embedded in the matrix 4 
(Figure 2a). Although fibre distribution is not always regular across the cross-section, the 5 
periodic fibre arrangement has proved to be a good approximation [22–26]. The present RVE 6 
model adopted a hexagonal array of fibre sequence (Figure 2b), where the lamina always 7 
exhibits a transversely isotropic feature. A local coordinate system was adopted for the 8 
lamina with 1-axis aligned with the fibre direction. Elastic constants of the lamina were 9 
determined from Hooke’s law using volume average strains and stresses when the RVE was 10 
loaded in some prescribed ways [54]. A complete set of elastic properties were obtained for 11 
transversely isotropic CFRP lamina:  𝐸1  and 𝐸2 represent the longitudinal and transverse 12 
moduli, 𝐺12  and 𝐺23  are longitudinal and transverse shear moduli, 𝑣12  is longitudinal 13 
Poisson’s ratio respectively. The comprehensive description on the RVE method can be 14 
found elsewhere [54–56]. 15 
2.2.2 Parameters for the present RVE model 16 
 This present study investigated the same AS4/EPON 828 lamina, which was used to 17 
make laminate samples in published experimental work [10]. The volume fraction of carbon 18 
fibres was fixed at 66%. Height, width and thickness of the RVE model dimension were 19 
calculated as 7.20, 4.16 and 1.04 µm respectively [54]. Properties of a transversely isotropic 20 
carbon fibre AS4 and isotropic epoxy resin 828 were taken from the literature [51,59] (see 21 
Table 1).  The GnPs reinforced interphase thickness was estimated as 200 nm. This value 22 
was derived from SEM image analysis (see Figure 3 in [10]). The volume fractions of each 23 
constituent in the RVE models were 66%, 26.3% and 7.7% for carbon fibre, epoxy and GnPs 24 
reinforced interphase respectively. The interphase properties obtained from the nanoscale 25 
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model were input to this RVE model. The RVE model was simulated using ANSYS APDL 1 
18.0 (ANSYS Inc., UK). Two orientations of GnPs (random and aligned) were compared. 2 
The aligned GnPs reinforced interphase is transversely isotropic. The material properties 3 
assigned to the interphase layer in the RVE model are better-implemented using a local 4 
coordinate system. The orientation of each element in the interphase layer was defined using 5 
VEORIENT  [58]. The circumference of the carbon fibre was chosen as the line option. As a 6 
result, the normal direction of each interphase element followed the direction of the 7 
neighbouring surface on the carbon fibre. The validation and mesh independent test of this 8 
RVE method was accomplished with the published fuzzy fibre model [37].  9 
2.3 Macroscale modelling 10 
 11 
 The effectiveness of this multiscale approach was further proved in the macroscale 12 
model, where experimental data was available. Three-point bending test was simulated to 13 
study the effects of the GnPs reinforced interphase on flexural modulus of the CFRP laminate 14 
to mimic the experiment performed by Qin et al. [10]. Qin et al. reported a dense layer of 15 
homogeneously dispersed GnPs on the carbon fibre surface, which makes the random 16 
orientated model of the interphase more suitable for the comparison purpose. Based on the 17 
available sample preparation quantitative details, the local volume fraction of GnPs in the 18 
reinforced interphase was estimated to be 20%. Corresponding lamina properties from the 19 
microscale model (Section 2.2.2) were used for analysis and provided in Table 2. For the 20 
control samples where there is no GnPs coating, the fibre volume fraction was 65%, which 21 
was also the same as the experiment [10].  22 
The macroscale FEA model was implemented using Ansys Workbench 18.0 (Ansys 23 
Inc., UK). A 12-layer unidirectional laminate model used the dimensions of 100 mm, 12.7 24 
mm, and 2.3 mm replicating the reported experiment [10]. The laminate was built in the 25 
software using a layered section command, which passed the validation and mesh 26 
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independent test. To simulate the three-point bending test, the vertical force was applied in 1 
the middle of the sample. Simply supported boundary condition was assigned with a span 2 
length of 80 mm for the numerical model. The displacement was recorded from the middle 3 
point of the sample span, a flexural modulus of this material was calculated using equation 4 
(7) [60]. The numerical results were then compared with published experimental data in 5 






                       (7) 7 
 8 
3. Results 9 
3.1 Properties of the GnPs reinforced interphase 10 
Figure 4 presents the relationship between the interphase’s mechanical properties 11 
against the volume fraction of GnPs within the interphase. When the volume fraction of GnPs 12 
is nil, the interphase Young’s modulus is equal to that of the pure resin matrix, i.e. 3.45 GPa. 13 
In the presence of randomly orientated GnPs, Young’s modulus of the GnPs reinforced 14 
interphase increases monotonically with the volume fraction of GnPs (Figure 4a). While the 15 
Poisson’s ratio of the interphase decreases to 0.19 at 9% of the volume fraction of GnPs then 16 
increases monotonically with the volume fraction, as shown in Figure 4b. For the highest 17 
volume fraction GnPs being studied, i.e. 60%, Young’s modulus of the interphase is 18 
predicted 370.5 GPa and the Poisson’s ratio 0.42. 19 
When GnPs are perfectly aligned in the interphase with the fibre direction, the 20 
interphase is transversely isotropic (Figure 5). The in-plane elastic modulus of the interphase 21 
increases quasi-linearly with the volume fraction of GnPs (Figure 5a). Compared to the case 22 
of the random orientation of GnPs, the increase in Young’s modulus is significantly higher 23 
when the volume fraction of GnPs introduced to the fibre surface is over 10%. The ratio of 24 
in-plane Young’s modulus of random orientation interphase to perfectly aligned interphase 25 
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varies from 0.57 to 0.8 in the range of volume fraction of GnPs being tested. Figure 5d 1 
shows that in-plane shear modulus of this interphase exhibits a similar increase with the 2 
volume fraction of GnPs. Moreover, the increase of this modulus in the perfectly aligned 3 
GnPs in the interphase is constantly higher than the interphase with GnPs random 4 
distribution. 5 
The out-of-plane elastic modulus of the interphase exhibits a sigma-like increase with 6 
the volume fraction of GnPs, as shown in Figure 5b. This modulus increases from 3.45 GPa 7 
for pure matrix up to 12.7 GPa for 60% volume fraction of GnPs. The out-of-plane shear 8 
modulus increases from 1.2 GPa to 3.1 GPa (Figure 5c). This shear modulus is two orders of 9 
magnitude lower than that of randomly orientated GnPs, which can be calculated from given 10 
elastic modulus and Poisson’s ratio. The in-plane shear modulus increases nearly linearly 11 
from 3.45 to 224 GPa for the given volume fraction range.  12 
3.2 The effects of GnPs reinforced interphase on the CFRP lamina elastic constants. 13 
 The interphase properties obtained in Section 3.1 were input to the RVE model. The 14 
volume fraction of GnPs varied from 0 to 60% parametrically, which is relative to the 15 
interphase only. Two orientations of GnPs (random and aligned) were compared in order to 16 
illustrate the influence of the GnPs reinforced interphase on lamina elastic constants. 17 
3.2.1 Longitudinal and transverse moduli.  18 
 Figure 6 shows the change of the lamina elastic moduli. For 0% GnPs volume 19 
fraction, the interphase properties are equal to that of epoxy resin. Therefore, the longitudinal 20 
and transverse Young’s moduli of the 66% carbon and 34% epoxy resin are 149.3 and 9.1 21 
GPa respectively. This is used as the baseline of CFRP lamina. 22 
 Both aligned and randomly orientated GnPs coatings moderately improve longitudinal 23 
Young’s modulus  (𝐸1) as presented in Figure 6a.  𝐸1  increases nearly linearly with the 24 
volume fraction of GnPs for the case of aligned GnPs within the interphase. While the case of 25 
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randomly orientated GnPs presents a somewhat nonlinear increase of 𝐸1. The improvement is 1 
slightly higher for aligned GnPs in the interphase, but the difference in the enhancement 2 
between aligned and randomly orientated GnPs is no more than 8.0 GPa.  For example, the 3 
lamina longitudinal modulus increases from 149.3 GPa for baseline CFRP to 185.3 GPa for 4 
60% aligned GnPs in the reinforced interphase. For the same volume fraction of randomly 5 
orientated GnPs, this is about 7.0 GPa lower.  6 
  Figure 6b presents the relation of lamina transverse modulus (𝐸2)  versus GnPs 7 
volume fraction within the interphase. When GnPs are aligned in the reinforced interphase, a 8 
rapid improvement of 8% is observed with as low as 4% of GnPs. Further increase of GnPs 9 
yields little enhancement. On the other hand, randomly orientated GnPs in the interphase 10 
shows a similar increase to the aligned case for up to 4% of GnPs in volume fraction.  Above 11 
this value, a continuously noticeable linear growth of 𝐸2  with the GnPs content is found. For 12 
60% GnPs in the reinforced interphase, lamina transverse modulus increases from 9.2 GPa 13 
for the baseline CFRP to 12.0 GPa and 10.5 GPa for randomly orientated and aligned case 14 
respectively.  15 
3.2.2 Longitudinal and transverse shear moduli 16 
 Both shear moduli were enhanced due to the introduction of GnPs in the interphase 17 
(Figure 7). GnPs orientation affects the changing trend of in-plane shear moduli. For aligned 18 
and randomly orientated GnPs in the reinforced interphase, up to 2% volume fraction brisk 19 
increase of shear moduli is observed. After that, the aligned GnPs case shows little change 20 
with a further increase in the volume fraction of GnPs. On the contrary, the randomly 21 
orientated case has shown continuous, but slow increments of moduli. 𝐺12  increases from 5.2 22 
GPa (0% GnPs volume fraction) to 7.1 GPa (60% GnPs volume fraction). The difference 23 
between random and aligned orientations in 𝐺12 values is 0.3 GPa (for 60% GnPs volume 24 
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fraction). Lamina transverse shear modulus (𝐺23 ) increases from 3.1 GPa (baseline CFRP) to 1 
3.9 GPa, and 3.5 GPa for 60% randomly orientated and aligned GnPs respectively.  2 
3.2.3 Poisson’s ratio 3 
 For the completeness of results, Figure 8 presents the effects of the GnPs reinforced 4 
interphase on the Poisson’s ratio of the unidirectional lamina. For aligned GnPs, 𝑣12 of the 5 
lamina shows little difference in comparison to the Poisson’s ratio of the baseline CFRP. 6 
Longitudinal Poisson’s ratio for randomly orientated case remain unchanged up to 20% of 7 
GnPs in the interphase and starts growing gradually with the further increase of volume 8 
fraction of GnPs.  9 
3.3 Flexural modulus of CFRP laminate with the GnPs reinforced interphase. 10 
Four types of laminates made of 12 unidirectional laminas were numerically modelled to 11 
reproduce the three-point bending experiment. An example of the contour plot of vertical 12 
directional deformation of 0° unidirectional lamina at a loading of 700 N is shown in Figure 13 
9. Due to the simple geometry and loadings, the resultant deformation is uniform across the 14 
width of the laminate. Maximum downwards displacement occurred to the middle point of 15 
this sample while its both free ends experienced upwards deflections. Sample dimensions 16 
provided in section 2.3, applied force and corresponding maximum displacement were 17 
entered into equation (7) to calculate the flexural modulus (𝐸𝑓). The comparison between 18 
predicted 𝐸𝑓 using the present methodology and experimental measurement [10] is provided 19 
in Table 3. Calculated flexural modulus for 0° unidirectional laminate with GnPs coated on 20 
the fibre was 152.1 GPa and is within the range of experimental measurements 143±9.0 GPa. 21 
The predicted value of 90° flexural modulus for GnPs coated laminate (11.9 GPa) was found 22 
very close to the experimental value of 11. 0 ±0.3 GPa. The numerical modelling was able to 23 
predict flexural modulus of CFRP laminate satisfactorily. Both samples without GnPs 24 
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reinforced interphase showed good agreement with experimental results.  The average 1 
percentage error in flexural moduli of all predicted laminates was below 3%.  2 
4. Discussion 3 
A complete set of properties of the GnPs reinforced interphase was for the first time 4 
calculated by taking into account transversely isotropic features of GnPs. The interphase is 5 
essentially a thin layer of GnPs nanocomposite. The interphase’s volume fraction to the 6 
whole CFRP composite is 7.7% and at a high local volume fraction of GnPs in the interphase, 7 
i.e. 60%, the resultant volume fraction of GnPs in the whole composite is 4.6%. This volume 8 
fraction is comparable to that of other nanocomposites studies [16]. However, unlike 9 
nanocomposites, where nanofillers are dispersed throughout the composite, the present CFRP 10 
reinforced by GnPs has all nanofillers concentrated on the fibre surface, which only 11 
reinforces the interphase layer. Properties of GnPs reinforced interphase determined in the 12 
present study can be correlated with published values of nanocomposites [44,46]. In the GnPs 13 
nanocomposite, the elastic modulus of randomly orientated GnPs nanocomposite was 14 
reported 0.53 of that of the aligned case at low volume fractions of GnPs [61]. The ratio of 15 
the interphase elastic modulus for two GnPs orientations from the present simulation is close 16 
to this value. Although most nanocomposite studies only focused on the elastic modulus 17 
[44,62], the increase in shear modulus of the interphase with GnPs was also predicted. This 18 
directly supports speculation given by [10] that the shear modulus of the interphase region 19 
increases with GnPs coating. 20 
 The extent of the lamina properties enhancement depends highly on the orientation of 21 
GnPs within the interphase. CFRP lamina always exhibits high longitudinal properties due to 22 
the fibre’s high longitudinal modulus. GnPs coating on the fibre improved longitudinal elastic 23 
modulus (𝐸1 ) of the CFRP lamina moderately. When all GnPs at a local volume fraction of 24 
20% in the interphase were randomly orientated, 𝐸1  was increased by 4.6%, compared with 25 
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the baseline CFRP model. When these GnPs were aligned in the interphase, the increase in 1 
𝐸1 was even higher (i.e. 7.9%). This can be explained as follows, when GnPs orientations are 2 
parallel to the fibre surface, exceptionally high in-plane moduli of GnPs are fully exploited 3 
via a higher 𝐸1′
𝐼  possessed by the interphase.  4 
Unlike the moderate effects on longitudinal modulus, the transverse modulus 𝐸2 for 5 
the CFRP lamina is much more sensitive to the orientation of GnPs in the interphase. Based 6 
on the same local GnPs content in the interphase (20%), the increase of 𝐸2  for the randomly 7 
orientated case was as high as 22.6%. However, when the same amount of GnPs became 8 
aligned, the enhancement of resultant lamina modulus was only 10%. Randomly orientated 9 
GnPs endows the isotropic properties of the interphase. Therefore, the remarkable in-plane 10 
properties of GnPs were utilised in all directions. On the contrary, the out-of-plane properties 11 
of the GnPs aligned interphase were much weaker. This indicates that unifying GnPs 12 
orientation parallel to the fibre surface may not yield maximum beneficial improvement in 13 
terms of transverse material properties. All these quantitative analyses filled in the knowledge 14 
gap in the material properties of GnPs reinforced CFRP lamina. 15 
 The GnPs reinforced CFRP proposed in this study is somehow similar to the fuzzy 16 
fibre reinforced composite as both make use of nanofillers reinforcement in the interphase. 17 
Chatzigeorgiou et al. [35] observed that reinforced interphase did not change the longitudinal 18 
properties, but improved the transverse properties of fuzzy fibre reinforced composite 19 
significantly by 200%. In the fuzzy fibre reinforced composite, the axial direction of CNTs 20 
growing on the fibre surface is in line with the fibre transverse direction. This may represent 21 
the maximum enhancement possible for this type of interphase. According to the findings in 22 
fuzzy CFRP, maximum GnPs reinforcement to CFRP may be achieved at the orientation of 23 
GnPs perpendicular to the fibre surface. This type of graphene alignment has been already 24 
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implemented in sensors, fuel cells and supercapacitors [63].  Resultant interphase in fuzzy 1 
fibre composite is unusually thick (~ 2 μm), which is dictated by the full length of CNTs.   2 
A 12-layer CFRP laminate with carbon fibres coated with GnPs was simulated in the 3 
three-point bending configuration to determine the flexural properties.  The laminate 4 
deformation and resultant stress distribution were obtained. Predicted flexural modulus of 5 
four different types of laminates was compared with published experimental data [10]. 90° 6 
flexural moduli were calculated as 8.7 and 11.2 GPa for baseline CFRP and GnPs reinforced 7 
CFRP respectively. Both 90° flexural moduli of CFRP without GnPs agreed well with the 8 
counterpart of experimental data 8.8 ± 0.3 MPa and 11.0 ± 0.3 MPa. The difference between 9 
numerical prediction and experiment is below 1%. By contrasting the baseline CFRP, 10 
reinforcement of GnPs led to a 28.3% enhancement in 90° flexural modulus, whereas the 11 
improvement in 90° flexural modulus achieved by experimental studies was 25% [10].  0° 12 
flexural moduli 143.2 and 152.1 GPa were calculated for baseline CFRP and GnPs reinforced 13 
CFRP respectively. These values matched reasonably well the range of experimental data 14 
(139±3.0 GPa for baseline CFRP, 143±9.0 GPA for GnPs reinforced CFRP). The slight 15 
overestimation was mainly caused by the assumption of regular distribution of fibres in the 16 
present microscale RVE model. Other RVE modelling work based on the same assumption 17 
also reported a similar discrepancy with that of randomly distributed modelling [24,29]. The 18 
presence of GnPs caused the 6.1% improvement in 0° flexural modulus from this multiscale 19 
modelling. 20 
Besides the improvement in elastic properties of CFRP as shown in this study, the 21 
GnPs coating will increase other mechanical properties such as fracture toughness, interfacial 22 
and interlaminar shear strength [10,13,15]. Chemical reactions and mechanical interlocking 23 
processes increase the bonding between the matrix and fibre. Fibres coated with graphene 24 
increase their surface roughness and surface morphologies [13], which are believed to 25 
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enhance interfacial adhesion. The 90° flexural properties have been reported most sensitive to 1 
this enhancement [64], which was confirmed in our simulations.  2 
There are some limitations to this work. GnPs are assumed straight and evenly 3 
distributed in the interphase. However, as the local volume fraction of GnPs increases to a 4 
threshold value, GnPs agglomeration due to the Van der Waals forces [17] could become 5 
non-negligible, and interaction between GnPs should be taken into account. During the 6 
manufacturing process, some imperfections are unavoidable. This approach neglects the 7 
production flaws such as voids, cracks and delamination. Future improvement in this 8 
modelling work needs to address these issues.  9 
5. Conclusion 10 
In conclusion, a multiscale model was developed to study the effects of the GnPs 11 
reinforced interphase on the elastic properties of CFRP laminate. The effective material 12 
properties of the reinforced interphase were determined by considering transversely isotropic 13 
features of GnPs. The presence of GnPs in the interphase enhances the elastic properties of 14 
CFRP lamina, and the enhancement depends on its volume fraction. Randomly orientated 15 
GnPs in the interphase yields a higher improvement in transverse properties of the composite. 16 
The present multiscale modelling was able to reproduce experimental measurements for GnPs 17 
reinforced CFRP laminates well.  To the best of the authors’ knowledge, this is the first time 18 
the effects of orientation and volume fraction of GnPs coated on the fibre surface on elastic 19 
constants of CFRP was numerically quantified at different scales. This multiscale model could 20 
be potentially used to inversely quantify the interphase properties by combining with some 21 
standard material testing. 22 
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Appendix: list of symbols 
σ̅ Volume average stresses 
ε̅ Volume average strains 
V Volume of the Representative Volume Element 
𝐸1 Lamina longitudinal modulus 
𝐸2  Lamina transverse modulus 
𝐺12 Lamina longitudinal shear modulus 
𝐺23 Lamina transverse shear modulus 
𝑣12 Lamina longitudinal Poisson’s ratio 
k Plane-strain bulk modulus for lateral dilatation without longitudinal extension 
l Cross modulus  
m Rigidity modulus for shearing in any transverse direction 
n Modulus for longitudinal uniaxial straining  
p Rigidity modulus for shearing in the longitudinal direction 
𝐸1′
𝑟  In-plane modulus of graphene nanoplatelet 
𝐸3′
𝑟  Out-of-plane modulus of graphene nanoplatelet 
𝐺1′3′
𝑟  Out-of-plane shear modulus of graphene nanoplatelet 
𝑣1′2′
𝑟  In-plane Poisson’s ratio of graphene nanoplatelet 
𝑣1′3′
𝑟  Out-of-plane Poisson’s ratio of graphene nanoplatelet 
𝑘𝑟  Graphene nanoplatelet plane-strain bulk modulus under lateral dilatation in the 
(1’,2’) plane 
𝑛𝑟 Graphene nanoplatelet modulus under uniaxial tension in 3’ direction 
𝑙𝑟  Graphene nanoplatelet cross modulus 
𝑚𝑟  Graphene nanoplatelet shear modulus in the (1’,2’) plane 
𝑝𝑟 Graphene nanoplatelet shear modulus in the (1’,3’) or (2’,3’) plane 
𝐸𝑚 Elastic modulus of matrix EPON 828 
𝑣𝑚 Poisson’s ratio of matrix EPON 828 
𝜅𝑚 Bulk modulus of matrix EPON  828 
𝜇𝑚 Shear (or rigidity) modulus of matrix EPON 828 
𝑘𝑚 Matrix plane-strain bulk modulus 
𝑙𝑚 Matrix cross modulus 
𝑚𝑚 Matrix shear modulus 
𝑝𝑚 Matrix shear modulus 
𝑛𝑚 Matrix modulus for longitudinal uniaxial straining 
𝑉𝑟  Volume fraction of GnPs in the reinforced interphase 
𝑉𝑚 Volume fraction of matrix in the reinforced interphase 
𝛼 Dimensionless parameter of Mori-Tanaka method for randomly orientated GnPs 
𝛽 Dimensionless parameter of Mori-Tanaka method for randomly orientated GnPs 
𝛿 Dimensionless parameter of Mori-Tanaka method for randomly orientated GnPs 
𝜂 Dimensionless parameter of Mori-Tanaka method for randomly orientated GnPs 
𝜅𝐼 Effective bulk modulus of randomly orientated GnPs reinforced interphase 
𝜇𝐼  Effective shear (or rigidity) modulus of randomly orientated GnPs reinforced 
interphase 
𝐸𝐼  Elastic modulus of the randomly orientated GnPs reinforced interphase 
𝑣𝐼 Poisson’s ratio of the randomly orientated GnPs reinforced interphase 
𝐸1′
𝐼  In-plane elastic modulus of the aligned GnPs reinforced interphase 
𝐸3′
𝐼  Out-of-plane elastic modulus of the of the aligned GnPs reinforced interphase 
𝐺1′3′
I  Out-of-plane shear modulus of the aligned GnPs reinforced interphase 
𝑣1′3′
𝐼  Out-of-plane Poisson’s ratio of the of the aligned GnPs reinforced interphase 
𝑣1′2′
𝐼  In-plane Poisson’s ratio of the aligned GnPs reinforced interphase 





𝑏 Width of the macroscale specimen 
ℎ Thickness of the macroscale specimen 




Deflection of the sample in three-point bending test 
Force applied to the middle of sample in three-point bending test 
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List of Figures: 
 
Figure 1. Schematic representations of a) single GnPs in the local coordinate system (1’-2’-3’) b) a 
quarter of cross-section view of carbon fibre with aligned GnPs and c) a quarter of cross-section view of 
carbon fibre with randomly orientated GnPs within the reinforced interphase. Global coordinate system 
(1-2-3) is used as shown. 
 
Figure 2. Schematic representations of a) unidirectional CFRP lamina b) Representative volume element 






Figure 3. Boundary condition of macroscale laminate. 
  
Figure 4.   Mechanical properties of the reinforced interphase with randomly orientated GnPs as a 

















Figure 5. Mechanical properties of the reinforced interphase with aligned GnPs as a function of the 
volume fraction of GnPs in the interphase a) In-plane elastic modulus, b) Out-of-plane elastic modulus, 
and c) Out-of-plane shear modulus and d) In-plane shear modulus. 
 
  
Figure 6. Effects of the volume fraction of GnPs in the reinforced interphase on elastic properties of 








Figure 7. Effects of the volume fraction of GnPs in the reinforced interphase on shear modulus of 
unidirectional lamina a) longitudinal shear modulus, b) transverse shear modulus. 
 
Figure 8. Effects of the volume fraction of GnPs in the reinforced interphase on longitudinal Poisson’s 








Figure 9. Example of vertical deformation contour plot in three-point bending for 0° unidirectional 
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𝑟  (TPa) 0.77 𝐸1
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  Diameter (𝜇𝑚) 7.1   
















𝒗𝟏𝟐 𝒗𝟐𝟑 𝑮𝟏𝟐 
(GPa) 
0° 65% 35% 0% 149.31 9.090 0.24 0.48 5.23 
0° 66% 26.3% 7.7% 156.23 11.56 0.23 0.47 6.78 
















0° Control 700 143.2 139±3.0 +2.92 
0° GnPs 700 152.1 143±9.0 +6.08 
90° Control 20 8.7 8.8±0.3 -0.81 
90° GnPs 20 11.2 11. 0 ± 0.3 +1.07 
 
Table 3. Comparison between flexural modulus predicted by present multiscale 
modelling and experimental data. 
